Background While Nanos-mediated maintenance of germ cells in Drosophila and mice has been related to regulation of apoptosis, the relevance of these findings to human physiology is uncertain. Previously we have described the p.[(Pro34Thr);(Ser83del)] double NANOS1 mutation as associated with an absence of germ cells in the testes of infertile patients. The aim of this study was to identify the mechanism underlying infertility phenotype of patients bearing the NANOS1 mutation.
Introduction
Nanos morphogen plays crucial roles in multiple aspects of Drosophila body patterning [1] and germline development, in both sexes [2] . Nanos contains a highly conserved zinc-finger RNA-binding domain in the C-terminal region and acts as a post-transcriptional repressor of specific mRNAs, such as CycB (Cyclin B) mRNA, in primordial germ cells (PGCs) during their migration to the primary gonads [3] . In particular, Nanos was shown to repress caspase activators such as hid (head involution defective) and skl (sickle), to inhibit apoptosis in PGCs. This inhibition is crucial to the survival of PGCs during migration to the primary gonads [4] . In mice, Nanos2 and Nanos3 also play anti-apoptotic roles in PGCs [5] . While NANOS has also been implicated in human germ cell development [6] , functions in humans and their underlying mechanisms, such as regulation of apoptosis that has been identified in other species, are still uncharacterized.
Among the three paralogues, Nanos1, Nanos2 and Nanos3, that are expressed in mammals, only Nanos2 and Nanos3 have been reported to have a role in mouse germ cell development [7] [8] [9] . Nanos2 is necessary for male, but not female germ cell development in mice [9] . Nanos3 is expressed in bipotential PGCs and thus is important for fertility of both sexes in mice [9] . Unlike the infertility resulting from the knockout of Nanos2 and Nanos3, Nanos1 knockout mice are viable and fertile, indicating that Nanos1 is dispensable for mouse development and fertility [10] . Among the three human paralogues, however, only NANOS1 (the paralogue with the highest conservation within human populations [11] ) has been identified to be associated with male infertility [12] [13] [14] . Namely, a NM_199461.4(NANOS1_v001):c.[100C>A;240_242del];
NM_199461.4(NANOS1_i001):p.[(Pro34Thr);(Ser83del)] double mutation (in this report called the p.[(Pro34Thr);(Ser83del)]) was identified in two patients of Polish origin, manifesting absence of germ cells in seminiferous tubules [14] . It was absent in 400 fertile males of Polish origin and 100 male individuals from other populations. This mutation encompasses the N-terminal conserved NIM-region ( Fig. 1A) , which is necessary for recruitment of deadenylase complex to deadenylate and degrade repressed mRNA targets [15] .
We conducted our study in human male germ cell line, in order to identify the mechanism underlying infertility phenotype of the patients bearing the p.[(Pro34Thr);(Ser83del)] double NANOS1 mutation. We found that NANOS1 inhibits apoptosis of T-Cam2 cells while repressesing pro-apoptotic genes GADD45A, GADD45B, GADD45G and RHOB. Significantly, we also found that this NANOS1 double mutation causes enhancement of apoptosis while disrupting repression of the above pro-apoptotic genes, which might explain the absence of germ cells in seminiferous tubules of infertile patients.
Materials and Methods

Cell culture and transfection
TCam-2 cells were obtained from Dr. Sohei Kitazawa and were maintained in RPMI with GlutaMAX medium (Gibco, Life Technologies) supplemented with 10% (v/v) foetal bovine serum (HyClone) and 1% (v/v) antibiotic antimycotic solution (Lonza; Cat. No. 17-745E).
The cells were transfected with plasmid constructs using the Neon Transfection System (Life Technologies) according to the manufacturer's protocol.
Estimation of cell confluency
2x10 5 TCam-2 cells were transfected with 1.5 µg of constructs encoding the wild-type, the mutated NANOS1 p.[(Pro34Thr);(Ser83del)] or the empty pCMV6-entry vector (OriGene) in three biological replicates (three independent transfections). Cell confluency was measured 24 h after transfection at 5 random areas of each 6-well plate using JULI FL live cell movie analyzer (NanoEntek).
MTS proliferation assay
2x10 5 TCam-2 cells were transfected with 1.5 µg of constructs encoding the wild-type, to each well containing transfected TCam-2 cells.
The overexpression of the wild-type and mutated NANOS1 was measured 12, 24, 48 and 72 h after transfection by western blot using an anti-DDK antibody (OriGene). VCL (vinculin) protein was used as a loading control.
Western blotting
Overexpression efficiency was measured by western blot analysis under standard conditions, using a nitrocellulose membrane, horseradish peroxidase (HRP)-conjugated secondary antibodies. Semi-quantitative measurement of protein levels was performed using the ImageLab 5.1 software (BioRad). The chemiluminescent signal was detected using the Clarity™ Western ECL Substrate for HRP (BioRad).
Antibodies
The primary antibody anti-DDK (FLAG ® ) (OriGene Technologies, TA50011, 1:2500) was used for detection of proteins expressed with the pCMV6-entry vector. Anti-ACTB (actin beta) (Sigma Aldrich, A2066, 1:10000) and anti-VCL (vinculin) (Abcam, ab129002, 1:20000) antibodies were used as loading controls. Secondary antibodies: goat anti-rabbit IgG-HRP (Sigma Aldrich, A6154, 1:250000) and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, sc-2005, 1:10000) were used.
Flow cytometry
Detection of apoptotic TCam-2 cells was performed 48 h after transfection of 3x10 5 TCam-2 cells with 2 µg of constructs encoding the wild-type, mutated NANOS1 p.[(Pro34Thr);(Ser83del)] or empty pCMV6-entry vector. Cells were stained using the Annexin V-FITC Apoptosis Detection Kit (Beckman Coulter) according to the manufacturer's protocol and measured by flow cytometry using a FlowSight instrument (Amnis). The results were analysed using the Image Data Exploration and Analysis Software version 6.0 (IDEAS ® v6.0, Amnis). The experiment was performed in three biological replicates.
Cell cycle analysis was performed 48 h after transfection of 2x10 6 TCam-2 cells with 20 µg of constructs encoding the wild-type, mutated NANOS1 p.[(Pro34Thr);(Ser83del)] or an empty pCMV6-entry vector co-transfected with GFP-F in proportion 9:1. For this purpose, TCam-2 cells were washed with PBS and fixed in cold 100% methanol on ice for 10 minutes.
After incubation at 37 °C for 15 minutes in 50 µg/ml propidium iodide (PI) (Sigma) containing 330 µg/ml RNase A (Sigma), cells were incubated for 1 h on ice and finally measured using the S3e™ Cell Sorter (BioRad) apparatus. Data files were analysed using the ModFit LT (Verity Software House). The experiment was performed in three biological replicates.
cDNA library preparation and RNA sequencing 2x10 5 TCam-2 cells were transfected with 1.5 µg of constructs encoding the wild-type NANOS1 or empty pCMV6-entry vector in three biological replicates. Functional analysis was performed in Cytoscape v3.6.1. Differentially expressed genes were grouped according to their gene ontology term using ClueGO v2.5.3 [20] .
Reverse transcription and quantitative PCR
2x10 5 TCam-2 cells were transfected with 1.5 µg of constructs encoding the wild-type, mutated NANOS1 or empty pCMV6-entry vector in three biological replicates. Transcription was stopped by Actinomycin D (5 µg/ml) 24 h after transfection for 4 h. Total RNA isolation, template preparation and qPCR reactions conditions are described previously in [21] .
Sequences of the primers are listed in Supplementary Table S1 . ARNT, GAPDH, RPL13 and UBC genes were used for normalization.
Constructs
For the wild-type and mutant NANOS1 construct overexpression, we used procedures previously described [22] . 
Statistical analysis
One-way unpaired t-test was used to estimate statistical significance. The P value < 0.05 (*) was considered statistically significant.
Results
Overexpression of NANOS1 containing the p.[(Pro34Thr);(Ser83del)] mutation results in reduced confluency and decreased cell proliferation
To understand the functional significance of the NANOS1 double mutation ( Fig. 1A) ,
especially its relationship to the absence of germ cells in seminiferous tubules in infertile male patients, we studied its effects on the phenotype of the TCam-2 cell line, which originates from human seminoma and represents male germ cells at an early stage of development [23] .
While overexpression of the wild-type NANOS1 caused a significant increase (of nearly 50%) in cell confluency compared to the empty vector, overexpression of the mutated NANOS1 caused a significant decrease (of nearly 45%) in cell confluency compared to the empty vector ( Fig. 1B) . To check whether this negative effect on cell confluency reflected the influence of the NANOS1 mutation on cell proliferation, we overexpressed the wild-type and mutated NANOS1 in TCam-2 cells and performed MTS assay. We found that while the wildtype NANOS1 stimulated cell proliferation, the mutated NANOS1 caused a significant decrease in proliferation compared to the empty vector ( Fig. 1C) . We show that the NANOS1 mutation caused a functional switch of NANOS1 from pro-proliferative to anti-proliferative activity. The expression of both the NANOS1 constructs after transfection is shown in Fig.   1D .
Overexpression of NANOS1 containing the p.[(Pro34Thr);(Ser83del)] mutation results in increased apoptosis
To determine whether the decreased cell proliferation upon overexpression of the NANOS1 mutant ( Fig. 1C) was associated with increased apoptosis, we performed flow cytometry analysis of Annexin V-stained TCam-2 cells transfected with the wild-type or mutated NANOS1, as compared to empty vector. We found that while the wild-type NANOS1 reduced the spontaneous apoptosis of TCam-2 cells, the mutated NANOS1 induced it ( Fig.   2A ). Thus, we show that the NANOS1 mutation provoked a functional switch of NANOS1 from anti-apoptotic to pro-apoptotic. A quantification of the flow cytometric data is presented on the graph Fig. 2B , while the expression of the wild-type and mutated NANOS1 proteins in transfected cells are shown in Fig. 2C .
In order to identify apoptotic factors dysregulated by the p.[(Pro34Thr);(Ser83del)] NANOS1 mutation, first we performed a search for apoptosis-related transcripts regulated by wild-type NANOS1. Therefore, we carried out RNA-Seq analysis upon NANOS1 overexpression in TCam-2 cells. We identified 10 mRNAs encoding pro-apoptotic factors (GADD45A, GADD45B, GADD45G, RHOB, BCL10, STK17A, TP53BP2, RIPK1, SIAH1, JUN) which were downregulated upon wild-type NANOS1 overexpression (Table S2 ). Quantitative RT-PCR (RT-qPCR) confirmed downregulation of 7 among them (GADD45A, GADD45B, GADD45G, RHOB, BCL10, STK17A, TP53BP2) ( Fig. 3) . Finally, we investigated whether p.[(Pro34Thr);(Ser83del)] mutation influences that wild-type NANOS1-mediated repression effect by performing RT-qPCR upon overexpression of the mutated NANOS1. We found that the repression of 4 mRNAs (GADD45A, GADD45B, GADD45G, RHOB) was abrogated by the p.[(Pro34Thr);(Ser83del)] NANOS1 mutation (Fig. 3) .
The NANOS1 p.[(Pro34Thr);(Ser83del)] mutation does not affect NANOS1-mediated inhibition of cell cycle
Subsequently, we wanted to determine whether the differences in cell proliferation observed upon overexpression of the wild type or the mutated NANOS1 (Fig. 1C) were due to modulation of the cell cycle. To the best of our knowledge, quantification of cell distribution in cell cycle phases in response to Nanos has never been reported yet in any model. Therefore, we performed flow cytometric analysis of cell cycle distribution in unsynchronized TCam-2 cells overexpressing the wild-type or the mutated NANOS1, in comparison with the empty vector ( Fig. S1A) . The separation of cell populations in each cell cycle phase was performed using the ModFit program ( Fig. S1B) . Upon overexpression of the wild-type or the mutated NANOS1 we observed an increase in the proportion of cells in the G0/G1 phase, with a concordant decrease in the proportion of cells in the S phase, in comparison to the empty vector ( Fig. S1A) , indicating that NANOS1 inhibits TCam-2 cell cycle. However, no significant difference in cell cycle distribution was observed between cells expressing the wild-type and the mutated NANOS1 ( Fig. S1A) , This result indicates that this mutation does not alter the inhibitory effect of NANOS1 on cell cycle.
Discussion
Previously, we have described a NANOS1 gene p.[(Pro34Thr);(Ser83del)] mutation in infertile patients characterized by absence of germ cells in seminiferous tubules [14] . Here, we investigated the influence of this mutation on cellular processes which could account for that phenotype.
We showed for the first time that NANOS1 inhibits apoptosis and that the NANOS1 It is important to note that TCam-2, a human male germ cell line, originates from seminoma, which is a type of testis germ cell tumour [23] . In this context, it is interesting that almost all NANOS1-repressed pro-apoptotic factors identified in this study (GADD45A, GADD45B, GADD45G, RHOB and TP53BP2) are well established as tumour suppressors [26] [27] [28] [29] [30] [31] [32] [33] [34] . This is in line with NANOS1 itself being found to promote carcinogenesis [35] .
Therefore, it is likely that in addition to playing a role in germ cell development, NANOS1 downregulates the expression of tumour suppressing factors, as has already been suggested for other . This finding represents an interesting issue for future studies aimed at investigating the role of NANOS1 in cancerogenesis.
Additionally, we showed that the wild-type NANOS1 caused an increase in the proportion of cells in the G0/G1 phase, with a concordant decrease of cells in the S phase. This is the first report, to the best of our knowledge, demonstrating cell cycle inhibition by However, addressing this question would require further investigation.
Altogether, the functional switch of NANOS1 from pro-proliferative towards antiproliferative and from anti-apoptotic to pro-apoptotic, may represent the mechanism underlying the infertility in patients carrying the NANOS1 p.[(Pro34Thr);(Ser83del)] mutation. In patients, this mutation could affect the regulation of specific mRNA targets such as GADD45A, GADD45B, GADD45G and RHOB at the post-transcriptional level, resulting in dysregulated expression of encoded factors necessary for germ cell maintenance, thereby causing the absence of germ cells in the seminiferous tubules, thus leading to infertility. J  o  n  g  J  ,  S  t  o  o  p  H  ,  G  i  l  l  i  s  A  J  ,  e  t  a  l  .  F  u  r  t  h  e  r  c  h  a  r  a  c  t  e  r  i  z  a  t  i  o  n  o  f  t  h  e  f  i  r  s  t  s  e  m  i  n  o  m  a  c  e  l  l  l  i  n  e  T  C  a  m  -2  .  G  e  n  e  s  C  h  r  o  m  o  s  o  m  e  s  C  a  n  c  e  r  2  0  0  8  ;  4  7  (  3  )  :  1  8  5  -9  6  d  o  i  :  1  0  .  1  0  0  2  /  g  c  c  .  2  0  5  2  0  [  p  u  b  l  i  s  h  e  d  O  n  l  i  n  e  F  i  r  s  t  :  E  p  u  b  D  a  t  e  ]  |  .  2  4  .  T  a  k  e  k  a  w  a  M  ,  S  a  i  t  o  H  .  A  f  a  m  i  l  y  o  f  s  t  r  e  s  s  -i  n  d  u  c  i  b  l  e  G  A  D  D  4  5  -l  i  k  e  p  r  o  t  e  i  n  s  m  e  d  i  a  t  e  a  c  t  i  v  a  t  i  o  n  o  f  t  h  e  s  t  r  e  s  s  -r  e  s  p  o  n  s  i  v  e  M  T  K  1  /  M  E  K  K  4  M  A  P  K  K  K  .  C  e  l  l  1  9  9  8  ;  9  5  (  4  )  :  5  2  1  -3  0  d  o  i  :  1 is shown in the white box. The P value < 0.05 was considered statistically significant and was marked by one star (*), the P value <0.005 was marked by two stars (**) and the P value <0.0005 by three stars (***). 
